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ABSTRACT: R ecent stud ies have d iscussed  th e  consequences ol ocean  acidification for bac teria l 
p rocesses and diversity. H ow ever, the  decom position  of com plex su b stra tes  in  m arine environ- 
m ents, a key p a r t of the  flow of en erg y  in ecosystem s, is large ly  rned ia ted  by m arine fungi. 
A lthough  m arine  fungi have frequen tly  b ee n  rep o rted  to p refer low pH  levels, this g roup  has been  
n eg lec ted  in ocean  acidification research . We p rese n t the first investigation  of d irec t pH  effects on 
m arine  fungal a b u n d a n ce  and  com m unity structu re . In raicrocosm  experim en ts re p e a te d  in 2 con- 
secu tive  years, w e in c u b a te d  n a tu ra l N orth  Sea w ater for 4 w k at. in situ  seaw ate r pH (8.10 and 
8.26), pH 7.82 and  pH  7.67. F ungal a b u n d a n ce  w as de te rm in ed  by colony form ing unit (du) 
counts, an d  fungal com m unity  s truc tu re  w as in v estig a ted  by the cu ltu re -in d ep e n d en l fingerp rin t 
m ethod  Fungal A utom ated  Ribosom al In tergen ic  S pacer A nalysis (F-ARISA). F u rtherm ore , pH  at 
th e  study  site w as de term in ed  over a yearly  cycle. Fungal cfu w ere  on av e rag e  9 tim es h igher at 
pH 7.82 a n d  34 tim es h igher at pH 7.67 com pared  to in situ  seaw ate r pH, an d  w e observed  fungal 
com m unity  shifts p redom inan tly  a t pH 7.67. C urrently , surface se aw a te r  pH  a t H elgo land  Roads 
vem ains >8.0 th ro u g h o u t the  year; thus w e canno t exclude fhaf fungal responses m ay differ in 
reg ions regu la rly  ex p erienc ing  low er pH  values. H ow ever, our resu lts suggest th a t u n d er realistic 
levels of ocean  acidification, m arine fungi will reach  g rea te r  im portance in m arine  biogeochem i- 
cal cycles. T he rise of this g roup  of organism s will affect a varie ty  of biotic in te ractions in the sea.
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INTRODUCTION
Both filam en tous fungi an d  un icellu lar yeasts are  
w idely  d is trib u ted  in m arine environm ents. They 
have been  rep o rted  from  C oastal, open  ocean  ancl 
d ee p -sea  w aters, as well as from  salt m arshes and 
m angroves, an d  colonize a varie ty  of substra tes (Gao 
e t al. 2010, Jo n es 2011). Due to the ir ability to de- 
g rad e  com plex su b stra tes  such as lignocellu lose ancl 
ca lcareous structu res, they  are  im portan t decorn- 
posers of h e rb aceo u s  an d  w oody rem ains an d  anim al 
ca rcasses in the  seas (New ell 1996, H yde e t al. 1.998, 
R ichards e t al. 2012). F u rtherm ore , a varie ty  of sym- 
biotic an d  p a th o g en ic  in teractions of fungi w ith a lgae  
an d  the m arine  fau n a  have b ee n  rep o rted  (Ilyde et 
al. 1998, R ichards et al. 2012). P lanktonic fung i a re  
particu la rly  abundant, in  Coastal surface w aters, w ith
d iversity  an d  a b u n d a n ce  being  positively co rre la ted  
to phy top lank ton  biom ass (Gao et al. 2010, G u tie rrez  
et al. 2011). T ogether w ith prokaryo tes, p lanktonic 
fungi m ed iate  the decom position  of particu la te  to 
dissolved organic m a tte r an d  are  cap ab le  of releas- 
ing  nu trien ts  from rec.alcitrant m ateria l (W ang et al. 
2012). H ow ever, the ir ro le in  m arine  b iogeochem ical 
cycles is not. com pletely  unclerstood, and th e ir  im por­
tance as d eg rad ers  of o rgan ic  m a tte r in m arine eco ­
system s as w ell as th e ir  diversity m ay have been  
g rea tly  u n d eres tim a ted  (Gao e t al. 2010, G u tie rrez  et 
al. 2011, Jo n es 2011, Amencl et a l  2012, W ang et al. 
2 0 1 2 ) .
Since the  industria l revolution, seaw ate r pH has 
d ro p p ed  by 0.1 units, an d  m ay dec rease  by a lu rth e r 
0.7 units u ith in  the next, 3 cen tu ries (C aldeira & 
Wickelt. 2003). C oncern ing  h e tero troph ic  m icrobes,
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the  co n seq u en ces of ocean  acidification have m ainly 
b een  d iscussed  for bac teria l processes and diversity  
(Liu et al. 2010, Jo in t et. al. 2011). W hile bac teria l 
n u m b ers  seem  to be uriaffected  (A llgaier et al. 2008, 
K rause et. al. 2012), experim en ts p red ic t ch an g es in 
bac teria l g row th efficiency, carbon assim ilation and 
ex trace llu la r enzym e activily (G rossart et al. 2006, 
Liu et al. 2010, P iontek et al. 2010, Teira et al. 2012). 
H ow ever, m arine  fungi have b ee n  n eg lec ted  in pre- 
vious ocean  acid ification  studies.
T he m ajority  of fungi canno t ta k e  up  particles by 
phagocytosis and  rely on osm otrophic feed ing , i.e. 
they  re lease  ex trace llu la r enzym es to b re a k  dow n 
com plex polym ers an d  ta k e  up m onom ers by trans- 
port th ro u g h  the  p lasm a m em b ran e  (Richards e t al. 
2012, W ang et al. 2012). This tran sp o rt is d riven  by 
the ir p lasm a m em b ran e  potential, w hich prim arily 
d ep e n d s  on the H+-electrochem ical g rad ien t (Davis 
2009, Oi'ij et al. 2011). In neu tra l to a lkaline  environ- 
m ents, e s tab lish ing  th is g rad ie n t is cha lleng ing  and  
limits fungal g row th  (Davis 2009, Orij e t al. 2011). A 
reduction  in pH  m ay consequen tly  relieve pH  stress 
011 m arine  fungi. A sim ilar benefit from  m o d era te  pH  
red u c tio n s w as recen tly  d iscussed  for m arine  bac- 
teria  (Teira e t al. 2012).
In the  p re se n t study, w e carried  out acidification 
experim en ts in m icrocosm s in sp ring  201.1 an d  2012 
w ith th e  na tu ra l fungal com m unity from  H elgoland  
Roads, N orth  Sea. We shovv tha t even  sm all re d u c ­
tions in se aw a te r  pH  directly  alfect. fungal ab u n d a n ce  
and  com m unity stru c tu re  an d  discuss resu lts in rela- 
tion  to the na tu ra l pH  variability  at the  study  site.
MATERIALS AND METHODS 
Experimental set-up
W e collected  w ate r at the  H elgo land  Roads Station 
(54° 1 1 .3 'N, 7 °5 4 .0 ’ E) on 14 April 2011 an d  on 3 
M ay 2012. T he S ta tio n  is located  n ea r  the  island of 
H elgo land , approx im ate ly  50 km  off the  G erm an  
coast in the  N orth  Sea. S eaw a ter sam ples w ere  incu- 
b a ted  e ith e r a t the  cu rren t in situ  seaw ate r pH  (8.10 
in 2011 an d  8.26 in 2012) or ad ju sted  to pH  7.82 or 
7.67 w ith  2 M  HCl. T he m ean  surface pH in the  
Southern N orth  S ea m ay reach  th ese  values at 700 or 
1000 pprn of atm ospheric: ( 'O  . respectively  (Black­
ford & G ilbert 2007). Per pH  trea tm en t, w e incubated  
w ate r sam ples in  20 rep lica te  1.6 1 g lass ja rs (acid- 
w ashed , au toclaved) w ith  air-tigh t ru b b e r seals. Ja rs  
w ere  in cu b a ted  in the  dark  over a period of 4 w k at in 
situ  te m p era tu re  on the day  of sam pling (7°C in 2011
an d  8'JC m  2012). Ja rs  w ere  m ixed daily by inversion, 
and 5 rep licate  ja rs per trea tm e n t w ere  analysed  
eac:h w eek.
Colony forming units (cfu)
A fter 2 an d  4 wk, w e determ ined. fungal a b u n ­
d an ce  by cfu counts at 7 t.o 8°C {in situ  tem p era tu re ) 
and  at 18°C (average of the  yearly  m axim um  se a ­
w ate r te m p era tu re  at, H elgo land  Roads, ca lcu la ted  
as th e  m ean  of the  u p p e r 10%  of te rn p e ra tu res  
reco rded  at the study site from 2000 to 2010; d a ta  
ob ta ined  from  th e  H elgo land  Roads tim e-series, 
W iltshire et al. 2008). We chose th ese  te rn p e ra tu res  
to find out w h e th e r  d iffe ren t fu n g a l g roups (cold- 
a d a p te d  versus w arm -adap ted ) w ere  p rese n t an d  
rea c te d  d ifferen tly  to pH. Sam ples from  th e  initial 
seaw ate r sam ple (10, 100 an d  500 ml) an d  from the 
experim en t (10 an d  100 ml) w ere  filt.ered th rough  
sterile n itrocellu lose filters (0.45 pm  po re  size, 
47 m m  d iam eter, g rey  w ith grid; Sartorius) app ly ing  
low p ressu re  (100 m bar). Filters w ere  p laced  onto 
W ickerham ’s YM ag a r (0.3 % yeast extract, 0.3%  
m alt ex tract, 0.5%  p ep to n e , 1.0%  dex tro se  and  
2.0%  agar, pH  6.2), p re p a re d  w ith  s ten le -filte red  
seaw ate r from  th e  sam pling  site and  su p p lem en ted  
w ith  250 m g l"’ ch lo ram phen ico l (Sigm a) to p rev en t 
bacteria l grow th. F u rth e n n o re , sam ples of 500 pl 
w ere  d irectly  p la ted  onto W ickerham 's YM agar 
p la tes by sp rea d in g  w ith g lass beads. T riplicate 
sam ples of each  volum e w ere  in cu b ated  at bo th  
te rn p e ra tu res  in the  dark . A fter 4 to 5 d (18°C| or 12 
to 16 d (7 or 8°C), all filam entous an d  yeast-like 
colonies w ere  coun ted  by eye.
Community DNA extraction and Fungal Automated
Ribosomal Intergenic Spacer Analysis (F-ARISA)
In a  cu ltiva tion -indejienden t approach , DNA from  
filter-enriched  biom ass of the m icrocosm s was 
d irectly  ex trac ted  an d  su b jec ted  to com m unity  analy- 
sis by F-ARISA (Ranjard et al. 2001). Volum es of 
800 ml w ere  filte red  th rough  sterile n itrocellu lose fil­
ters (0.45 pm  po re  size, 47 m m  diam eter, g rey  with 
grid; Sartorius). A q u a rte r  of each  filter w as sus- 
p e n d e d  in 700 pl. STE buffer (6.7%  sucrose, 50 m M  
Tris-HCl, 1 m M  EDTA, pH  8) w ith  200 pl of a m ix ture 
of 0.1 mm zirconia/silica and. 1.0 m m  zirconia beads 
(BioSpec: Products). M echan ica l lysis w as perform ed 
using a FastP rep®  FP120A Instrum ent (Q biogene) 
for 40 s a t 6.0 m s~1. DNA ex traction  w as perform ed
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as previously  d esc rib ed  (Sapp et al. 2007), om itting 
th e  lysozyrne step  and  u sing  an  inc reased  cell lysis 
te m p era tu re  of 65°C. DNA concen tra tion  an d  purity  
w ere  de te rm in ed  by pho tom etry  u sing  an Infinite 200 
PRO N an o Q u an t (Tecan).
To d e te rm in e  w h e th e r  the  d iffe ren t incubation  
te m p era tu re s  se lec ted  for d iffe ren t fungal popula- 
tions, DNA from bu lk  cfu filters w ith  rnycel w as 
ex trac ted  an d  ana ly sed  by F-AR1SA (only in  2011; 
filters w ith 100 ml sam pling  volum e). A fter 5 d (18°C) 
or 13 d (7°C), cfu filters w ere  rem oved  from  th e  ag a r 
p la tes and  cu t into quarte rs . Each q u a rte r  w as sub- 
je c te d  to  m echan ica l lyses as d escribed  above. 
Lysates of th e  4 q u a rte rs  of each  filter w ere  com bined 
a n d  an  aliquo t of 500 pl w as u sed  for DNA extraction. 
DNA from  bu lk  cfu filters w ith  m ycelium  w as addi- 
üonally  purified  w ith  the GENECLEAN® Turbo Kit 
(Q biogene).
We am plified  the 1TS1-5.8S-ITS2 reg ion  using for- 
w ard  p rim er 2234C (5'-GTT TCC GTA GGT GAA 
CC T G C -31) an d  reverse  p rim er 3126T (5’-ATA TGC 
TTA AGT TCA G CG  G G T -3'; R anjard  et al. 2001), 
the la tte r labelled  w ith an in frared  dye. PCR reac:- 
tions (25 pl) co n ta in ed  50 n g  tem p la te  DNA, 2.5 pl 
Taq  Buffer |10x), 0.56 pM  of each  prim er, 300 pM 
dN TPs and  1.4 U Taq  DNA po lym erase (5 Prime). 
C ycling conditions w ere: 94°C for 3 min, foHowed by 
30 cycles of 94°C for 1 min, 55°C for 30 s an d  68°C for 
1 m in, w ith  a final s tep  a t 68°C for 5 min. S eparation  
of PCR products using a Ll-COR 4300 DNA A nalyzer 
(LI-COR Biosciences) an d  analysis of gel im ages w ith 
th e  B ionum erics 5.10 S o ftw a re  (Applied M aths) w e r e  
carried  out as p rev iously  d escribed  (Krause e t al. 
2012). C om m unity  stru c tu re  w as analysed  b ased  on 
th e  Ja cc a rd  coefficient.
Statistical analyses
T he ex p e rim en t w as based  on a crossed  factorial 
design . To p rev e n t b ias by the  lack  of som e d a ta  in
2011, w e ana ly sed  the  2 years separate ly . For com- 
m unity  s tru c tu re  analyses, th e  experim en tal factors 
w ere  W eek (fixed) and  pH  (fixed). For analysis of 
cfu l”1, additional factors w ere T em perature (fixed) and  
Jar, n es ted  in  th e  in teraction  W eek x pH  an d  consid- 
e red  as a random  factor. F ungal ab u n d a n ce  w as a n a ­
lysed th ro u g h  factorial ANOVAs w ith S tatistica 7.1 
(StatSoft), u sing  T u k ey ’s HSD test for post-hoc com- 
parisons. C om m unity  stru c tu re  w as ana ly sed  by per- 
m u ta tiona l m ultivaria te  ANOVA (PERMANOVA). To 
visualise p a tte rn s  of the  in fluence of pH , w e per- 
form ed p rincipal coord ina te  analysis (PCO). For all
m ultivaria te  analyses, w e used  Prim er 6 w ith the 
add -on  p a c k a g e  PERMANOVA+ fPRIMER-E).
Determination of pH, total alkalinity (TA) and 
calculation of p C 02
We used  a Pro Lab 3000 pH  m e te r w ith an  loLine 
pH com bination  e lec trode  w ith  tem p era tu re  sensor 
(type IL-pHT-A170M F-DIN-N). The e lec trode  w as 
ca lib rated  w ith S tandard buffer solutions from  freshly 
opened  glass am poules (pH 4.01, 6.87, 9.18; all m ate- 
rials: SI A nalytics), i.e. w e m easu red  pH  on the 
N ational B ureau  of S tan d ard s scale (pH Kns). D uring 
the experim en ts, all pH  m easu rem en ts  w ere carried  
out at incubation  tem p era tu re . Sam ples for TA w7ere
0.45 pm filtered, sto red  in 100 m l borosilicate bottles 
w ith  T eflon-inlet at 5°C an d  an a ly sed  w ith in  a. w eek. 
We estim ated  TA by  open-cell dup lica te  potentio- 
m etric titration  an d  ca lcu lation  w ith m odified G ran 
plo ts (B radshaw  e t al. 1981), using  a T itroLine a lpha  
plus titra tor w ith  an  IoLine pH  com bination  elec trode 
w ith te m p era tu re  sensor (type IL-pHT-A120M F- 
DIN-N). T he e lec trode w as ca lib ra ted  w ith technical 
buffer solutions from  freshly  o p en ed  glass am poules 
(pH 4.0, 7.0; all m aterials: SI A nalytics). V alues w ere  
co rrec ted  w ith C ertified  R eference M aterial (CRM, 
Batch No. 104, Scripps Institu tion  of O ceanography).
For calculations of p C 0 2, w e converted  pH values 
to the  total scale, using T ris-based  refe ren ce  m ateria l 
(Batch No. 5, Scripps Institution of O ceanography). 
C alculations w ere done w ith  the  program  C 0 2 c a lc  
(Robbins et al. 2010), using  d issociation constan ts of 
carbonic acid of M eh rb ach  e t al. (1973), refit by  Dick- 
son & M illero (1987), and  dissociation constan ts for 
H 2S 0 4 from D ickson (1990). C a rb o n a te  system  
P a r a m e te r s  prior to an d  du ring  th e  experim en t a r e  
rep o rted  in A ppend ix  1.
Determination of the yearly pH cycle at 
H elgoland Roads
W e d e te rm in ed  su rface  pH  a t H elgoland  Roads 5 
tim es a w eek  from  S ep tem b er 2010 to S ep tem ber
2011. S am ples w ere  ta k e n  be tw een  06:00 and  
10:00 h. S eaw ater te m p era tu re  w as m easu red  on 
board  the research  vessel an d  w as ob ta ined  from  the  
H elgo land  Roads tim e-series (W'iltshire et al. 2008). 
Sam ples w ere  im m edia te ly  b rough t to our laborato- 
ries at H elgo land  M arine  Biological S tation, and  pH  
w as m easu red  at seaw ate r te m p era tu re  u sing  a 
therm osta t bath.
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RESULTS AND DISCUSSION 
Fungal abundance
In the  se aw a te r  sam ples, w e observed  88 ± 2 cfu 1~1 
(m ean  ± SD) in sp ring  2011 an d  34 ± 5 cfu ]“' in spring
2012. H igher fungal a b u n d a n ce  in 2011 m ay be 
exp lained  in  h ig h e r overail p h y top lank ton  a b u n ­
dan ce  on the sam pling  day  in  tha t yea r (8.5 x 10” cells 
l”1 in 2011 versus 2.4 x 11V cells ! : in 2012; data  
ob ta in ed  from  the H elgo land  Roads lim e-series, Wilt- 
sh ire  et al. 2008). Q uan tita tive  estim ates of m arine 
fungi ran g ed  from  <10 to >107 cfu 1“\  w ith h ighest 
nu m b ers  rep o rted  from  p roductive  Coastal a reas  
(Gao et al. 2010, W ang e t al. 2012). C om pared  to 
th ese  num bers, in itial fungal a b u n d a n ce  in our 
ex p erim en ts  w as low, bu t a d irect com parison  to 
o the r sites is difficult as no Standard  coun ting  m eth- 
ods exist (G utierrez e t al. 2011). F u rtherm ore , fungal 
spores of te rres tria l origin in troduced  by w ate r 
runoffs or w inds m ay form  colonies on ag a r  p lates,
although  they  are  not ab le  to actively grow  in se a w a ­
te r (Coelho e t al. 2010).
D uring the  experim en t, fungal num bers g rea tly  m- 
creased , ind icating  active grow th, and  w e observed  a 
strong  influence of pH . We coun ted  up  to 1.2 x 10 j 
cfu I-1 a t pH in situ, up  to 1.6 x 104 cfu I_i at pH 7.82 
an d  up  to 9.0 x 10° cfu l”1 at pH  7.67 (Fig. 1). Factorial 
ANOVAs (Table 1) rev ea led  th a t the  factor pH  signif- 
icantly  in fluenced  cfu L-1 in bo th  2011 (F2j n!i = 3151, 
p  < 0.001) an d  2012 (R J1B = 2480, p < 0.001). Tem per- 
a tu re  had  a significant e ite t t on com m unity  s truc tu re  
on bulk cfu filters w ith  m ycelium  (PERMANOVA, 
p (perm) < 0.001; th is w as only done in 2011), h inting 
a t the  p resen ce  of d istinct cold- an d  w arm -ad a p ted  
groups. T he pH effect. on the a b u n d a n ce  of both 
groups w as com parable , b ecau se  for bo th  tem pera- 
tures, cfu 1~! w ere  alw ays significantly  h ig h e r a t pH  
7.82 an d  7.67 th an  at pH  in situ  (Fig. 1, T u k ey ’s HSD 
test, 118 df). O n average, cfu l“1 w ere 8 to 9 tim es 
h igher at pH  7.82 an d  34 tim es h igher at pH  7.67, 
com pared  to pH  in situ. Results ind ica te  that even
3H—o
Week 2 Week 4
7°C
Week 2 Week 4
18°C
Week 2 Week 4 Week 2 Week 4
8°C 18°C
Fig. 1, Colony forming units per litre (cfu l*1) in response to pH. Letters indicate significant clifferences after Tukey's HSD test, 
118 df. For ANOVA test statistics, see Table 1. Data are raeans ± SD (N = 12 to 15 plates per pH). Note the different axis
labelling for 2011, 18°C
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Table 1. ANOVA m ain tests of fungal abundance, estim ated 
as rolony forming units (cfu l“1). Displayed are tests for the 
fac-tors VVeek, pl I, Tem perature, Jar and their interactions. 
p-values w ere obtained using type III sums of squares; sig- 
nificant results (p < 0.05) are highlighted in bold. To 
improve normality, cfu l“1 data w ere ln-transformed
Factor SS df MS F p
2011
Week 0.36 1 0.36 7.1 0.009
pH 319.87 2 159.93 31.50.7 <0.001
Tem perature 207.84 1 207.84 4094.4 <0.001
Week x pH 6.59 2 3.29 64.9 <0.001
Week x Temp. 11.03 1 11.03 217.2 <0.001
pl I x Temp. 1.90 2 0.95 18.7 <0.001
Jar (W7eek x pl I)'1 9.48 24 0.39 7.8 <0.001
Week x pH x Temp . 17.58 2 8.79 173.1 <0.001
Temp. x Jar 4.30 23 0.19 3.7 <0.001
Error .5.99 118 0.05
2012
Week 26.457 1 26.457 378.2 <0.001
pH 346.973 2 173.486 2480.3 <0.001
Tem perature 0.775 1 0.775 11.1 0.001
Week x pH 0.400 2 0.200 2.9 0.061
W eek x Temp. 0.314 1 0.314 4.5 0.036
pH x Temp. 2.945 2 1.472 21.1 <0.001
Jar (Week x pH)” 11.802 24 0.492 7.0 <0.001
Week x pH x Temp. 0.239 2 0.119 1.7 0.186
Temp. x Jar 2.529 24 0.105 1.5 0.078
Error 8.254 118 0.070
‘T h e  factor Jar is a random factor nested within Week x
pl I because ive analysed ea th  jar al only 1 time point 
but took more than 1 subsam pte ja r"1. This factor had a 
significant effect in both years, demonstrating that there 
was Variation betw een replicate jars, but note that the 
total Variation (F) explained by this factor was small
m o d era te  acidification m ay lead  to an  in c rease  in  
fungal ab u n d a n c e  of alm ost an o rder of m agn itude . A 
possib le ex p lana tion  is the  low er en e rg e tic  cost for 
e s tab lish ing  a functional p'lasm a m em b ran e  H +-gra- 
d ient. A dditionally, a lte red  ex trace llu la r enzym e 
activity  m ay have p layed  a role. For bacteria , h igher 
activities of bo th  p ro tease  an d  ex trace llu la r glucosi- 
dases  w ere  rep o rted  a t low  pH  (G rossart e t al. 2006, 
P iontek  et al. 2010). In fu tu re  studies, size- 
frac tio n a ted  hydrolysis experim en ts (G utierrez e t al. 
201.1) could y ield  insigh ts on  w h e th e r fungal enzym e 
activ ities a re  also affected .
Fungal community structure
T he cu ltiv a tio n -in d ep en d en t com m unity  analysis 
of filte r-en riched  b iom ass of the  m icrocosm s rev ea led  
th a t Y ear significantly  in fluenced  com m unity s tru c ­
ture, i.e. that. d iffe ren t com m unities w ere  p resen t in
th e  2 years of the  experim en t (PERMANOVA, 
p (penn) < 0.001). Furtherm ore, in  both 2011 and
2012, com m unity s truc tu re  w as significantly  in flu ­
enced  by pH  (both years: p (perm) < 0.001, T able 2). 
Looking at pH  effects sep ara te ly  for each  w eek , w e 
p redom inan tly  observed  sign ifican t d ifferences 
be tw een  pH  in situ  an d  pH  7.67, b u t not b e tw e en  pH 
in situ  and  pH  7.82 (Fig. 2, T able 3). I lms, com pared  
to changes in  fungal ab u n d an ce , a tipp ing  point for 
com m unity shifts w as re a c h e d  a t a low er pH. A m o d ­
era te  pH  reduction  (7.82) m ay be generally  beneficial 
for th e  fungal com m unity, w hile at pH  7.67, inter- 
specific d ifferences in pH  hom eostasis m ec.hanism s 
m ay becom e m ore p ronounced , lead ing  to com posi- 
tional shifts.
pH variability at Helgoland Roads
M icrobes a lread y  experience  la rg e  n a tu ra l differ­
ences in pH , e.g. du e  to seaw a te r  dep th  or phyto- 
p lank ton  bloom s (Joint e t al. 2011). T hus to d raw  con- 
clusions from. ocean  acid ification  experim en ts, it is 
im portan t to ta k e  into accoun t the  n a tu ra l variability  
at the  respective  s tudy  site (H ofm ann et al. 2011). We 
daily de te rm in ed  su rface  seaw a te r  pH  at H elgo land  
Roads over a yearly  cycle from  S ep tem b er 2010 to 
S ep tem ber 2011. We found tha t p H NHs w as predom i-
Ta.ble 2. PERMANOVA main tests of fungal community 
composition separately for 2011 and 2012, based on Jaccard 
dissimilarities of F-ARISA profiles. Displayed are tests for 
the factors Week, pH and their interactions and the parti- 
tioning of multivariate Variation, p (perm)-values were 
obtained using type III sums of squares and 9999 perm uta- 
tions under the full model. All results w ere significant 
(p (perm) < 0.05). Square root of the component of Variation 











Week 3 50647 8.824 <0.001 35.213
pH 2 8686.2 2.270 <0.001 12.322
Week x pl I 6 18888 1.64.5 < 0.001 17.31
Residuals 39 74619 43.741
Total .50 1.56 x IO“1
2012
Week 3 3.5056 .5.086 <0.001 25.017
pl I 2 13966 3.039 <0.001 15.306
Week x pH 6 20426 1.482 0.001 14.878
Residuals 48 1.10 x IO" 47.932
Total 59 1.80 x 10
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Fig. 2. Fungal communities after incubation at different pH levels. Principal coordinate ordination (PCO) plots of community 
structure for each Y ear-W eek combination, based on Jaccard dissimüarities of F-ARISA profiles
Table 8. PORMANOVA pairwise comparisons of fungal 
community composition, based on Jaccard dissimüarities of 
F-ARISA profiles. Displayed are pairwise a posteriori com­
parisons of the factor pH witbin. each week. Significant 








pH in situ vs. 7.82 1.366 0.136" 1.096 0.242
pH in situ vs. 7,67 1.711 0.008 1.511 0.016
pH 7.82 vs. 7.67 1.269 0.201“ 1.284 0.07G
Week 2
pH in situ vs. 7.82 1.827 0.018 0.919 0.636
pH in situ vs. 7.67 2.397 0.018'1 1.114 0.199
pH 7.82 vs. 7.67 0.964 0.453a 1.557 0.034
W eek 3
pH in situ vs. 7.82 1.012 0.461 1,105 0.229
pH in situ vs. 7.67 1.518 0.025 1.380 0.031
pH 7.82 vs. 7.67 0.956 0.543 1.561 0.014
W eek 4
pH in situ vs. 7.82 1.433 0.029 1.185 0.100
pH in situ vs. 7.67 1.367 0.040 2.089 0.009
pH 7.82 vs. 7.67 0.984 0.467 1.341 0.018
“Less than  100 unique perhiutations; therefore, Monte
Carlo p-values are given. All other combinations had at
least 126 unique perm utations per comparison
nan tly  >8.1 (Fig. 3). H igher values of u p  to 8.4 w ere  
observed  from  m id-A pril until the  end  of May, pre- 
sum ably  d u e  to carbon  u p tak e  during th e  spring
Fig. 3. pH over a yearly cycle at H elgoland Roads. pH was 
m easured at in situ tem perature on the National Bureau of 
Standards (NBS) scale
bloom  (m axim um  Chlorophyll a on 26 A pril 2011: 
15.4 pg l ' 1; d a ta  ob ta ined  from  th e  H elgoland  Roads 
time-seri.es, W iltshire et al. 2008). A fterw ards, pH  de- 
c reased  to approxim ately  8.1 again , possibly b ecau se  
of decreas ing  p rim ary  p roduction  an d  dom inance of 
resp ira to ry  processes in sum m er, as previously 
described  for the  Southern N orth  Sea (Thom as et al. 
2004). Thus, a lthough  fhere a re  tem poral pH  varia- 
tions a t H elgoland  Roads, values <8.0 do not occur at 
p resen t. We th e re fo re  canno t exc lude the fact tha t 
fungal responses m ay differ in reg ions regu larly  
experienc ing  low er pH  values. H ow ever, our resu lts
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ind ica te  th a t th e  pH  effects observed  are  of a g en e ra l 
na tu re . A lthough  d iffe ren t fungal com m unities de- 
ve loped  in th e  2 years of our study and cultivation  at 
d iffe ren t te m p era tn re s  h in ted  a t the p resen ce  of fu n ­
gal g roups occupying  d iffe ren t fun d am en ta l niches, 
th e  d irec t pH  effect on fungal num bers w as consis- 
tent. To reso lve fungal iden tities, we a re  cu rren tly  
p lan n in g  a 454 p y rosequencing  approach .
Ecological implications
An im p o rtan t im plication  of our study is th e  p o te n ­
tia l ch a n g e  in the  re la tionsh ip  b e tw e en  bac teria l an d  
fungal ab u n d a n c e  in a scenario  of ocean  acid ifica­
tion. P revious s tud ies found  no ch an g e  in bac teria l 
ab u n d a n c e  w ith  ocean  acidification (A llgaier et al. 
2008, K rause et al. 2012). T ogether w ith  our results, 
th is ind ica tes th a t acidification m ay lead  to  an 
in c re ase d  lm portance  of fungi in  m icrobial food 
w ebs. As fungi and bac teria  occupy d iffe ren t niches 
in o rgan ic  m ateria l d eg rad a tio n  (R aghukum ar 2004), 
b iogeochem ical cycles m ay be affected . Possibly, this 
m ay lead  to in c reased  n u trien t availability, as fungi 
decom pose com plex su b stra tes  an d  m ed ia te  th e  re- 
en try  of o rgan ic  m a tte r such as essen tia l am ino acids, 
v itam ins and  po ly u n sa tu ra ted  fatty acids to the  food 
w eb  (R ichards e t al. 2012). Recently, h igh  seasonal 
contribu tions of fungi. to m icrobial biom ass an d  enzy- 
m alic activity have b ee n  rep o rted  for the H um bold t 
upw elling  system  off the  coast of C hile (G utierrez et 
al. 2011). In periods of h igh  productiv ity  during  u p ­
w elling  events, fungal biom ass equalled  th a t of 
prokaryot.es (G utierrez e t al. 2011). F urtherm ore , 
> 90%  of the  hydrolysis of p ro te inaceous substra tes 
w as a ttr ib u ted  to fungi, p resum ably  accoun ting  for 
up  to 30%  of the  tu rnover of pho tosyn thetic  carbon  
(G utierrez e t al. 2011). This dem onstra tes tha t p lank- 
tonic fung i can  p lay  a m ajor ro le in  m icrobial food 
w ebs.
A second  im p o rtan t im plication  of our resu lts con- 
cerns fungal in te ractions w ith organism s located  at 
h ig h e r levels in th e  food w eb. M any fungi a re  oppor- 
tun istic  p a th o g en s. In Coastal a re as  w ith recreational 
b eaches, h igh  concen tra tions of lungi in seaw ater 
m ay pose a health  hazard  to hum ans (Vogel et al. 
2007). In addition , m arine  fungi include parasite s  of 
various com m ercially  im portan t fish, cru stacean s and 
shelffish, w hich  affect bo th  n a tu ra l popu la tions an d  
aq u a cu ltu re  (S chaum ann  &. P riebe 1994, H yde e t al. 
1998, R am aiah 2006). T herefore, our study  points to 
th e  necessity  of ev a lu a tin g  th e  risk of increasing  
fungal in fections w ith  ocean  acidification.
Ind irect effects of ocean  acid ification  will also 
affect the  a b u n d a n ce  of fungi. First, in c reased  pri- 
m ary  p roduction  tha t m ay occur in response to 
h igher ( ' ( )  availability  (Riebesell et al. 2007, Liu et. 
al. 2010, Jo in t e t al. 2011) should  b e  exp lo ited  by 
fungi. Second, fungal in te ractions w ith  o ther m arine 
organism s will vary  b ecau se  p H -s tre ssed  organism s 
will be m ore suscep tib le  to fungal colonization, as 
p rev iously  d escribed  for corals (Vega T h u rb er e t al. 
2009). T he fragile equilibrium  b e tw e en  endolithic:,
i.e. ca lcareous su b stra te  colonizing, fungi an d  their 
coral hosts is rap id ly  destroyed  by env ironm enta l 
stressors (Golubic et al. 2005), w hich  has so far 
m ainly b ee n  d iscussed  u n d er the  aspec t of clim ate 
w arm ing. O th er m arine  organ ism s p rone to fungal 
infection  such as shellfish an d  cru stacean s (H yde et 
al. 1998, W ang et al. 2012) a re  also sensitive to ocean  
acidification. T hus in  a m ore acid ic ocean, less-resis- 
tan t hosts m ay be faced  w ith  a h ig h e r nu m b er of 
opportun istic  fungal pathogens. T hese possib le in d i­
rec t effects of ocean  acidification on m arine  fungi 
and  the ir in teractions u rgen tly  n ee d  to be ad d re ssed  
in fu tu re  studies.
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Appendix 1. pIINriS, total alkalinity and ralculated pCO : at the 
Start of the experim ent and after each week of incubation. 
pl INßs: pl I measured on the National Bureau of Standards scale. 
Data are means ± SD (N = 5)
pH Week pl Iniss Total alkalinity pCO ; 
(pmol kg ') (patm)
2011
pl I in situ Start 8.10 2362 456
1 8.13 ± 0.00 2361 ± 4 446 ± 5
2 8.12 ± 0.00 2366 ± 5 465 ± 5
3 8.10 ± 0.02 2344 ± 17 495 ± 23
4 8.09 ± 0.02 2354 ± 21 498 ± 21
pH 7.82 Start 7.81 2257 892
1 7.83 ± 0.01 2255 ± 2 905 ± 26
2 7.81 ± 0.01 2235 ± 11 929 ± 36
3 7.83 ± 0.01 2239 ± 12 936 ± 19
4 7.79 ± 0.01 2242 ± 12 981 ± 26
pH 7.67 Start 7,67 2206 1230
1 7.74 ± 0.05 2202 ± 14 1109 ± 134
2 7.70 ± 0.01 2193 ± 2 1208 ± 18
3 7.69 ± 0.02 2193 ± 4 1268 ±48
4 7.69 ± 0.01 2203 ± 9 1246 ± 43
2012
pl i in situ Start 8.26 2332 355
1 8.21 ± 0.01 2328 ± 10 382 ± 11
2 8.18 ± 0.01 2328 ± 6 397 ± 10
3 8.16 ± 0.04 2329 ± 6 400 ± 42
4 8.14 ± 0.01 2327 ± 9 406 ± 14
p ll 7.82 Start 7.82 2154 1000
1 7.79 ± 0.01 2158 ± 7 999 ± 21
2 7.76 ± 0.01 2163 ± 12 1052 ± 24
3 7.74 ± 0.01 2168 ± 13 1060 ± 16
4 7.70 ± 0.01 2158 ± 8 1139 ± 40
pH 7.67 Start 7,67 2117 1395
1 7.6,5 ± 0.01 2119 ± 4 1390 ± 47
2 7.62 ± 0.01 2099 ± 12 1442 ± 37
3 7.61 ± 0.02 2138 ± 8 1453 ± 61
4 7.58 ± 0.01 2113 ± 6 1482 ± 46
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